Energy crisis, environmental deterioration and increasing customer needs have compelled scientists to search facile, low cast, and green routes for the production of novel advanced materials from renewable resources. Among various materials explored, carbon based nanomaterials, especially graphene and graphene quantum dots (GQDs), have attracted extensive attention recently owning to their intriguing properties, such as high conductivity, extensive surface area, good biocompatibility, low toxicity, and long life. This review focuses on the conversion of biomass-waste into GQDs through a number of facile, low cost and scalable routes. Factors affecting the physical and chemical properties of GQDs for numerous promising applications have also been discussed. GQDs have shown promising applications in the field of catalysis, carbon fixation, fuel cells, bio-imaging, drug delivery, and gas sensors.
range of approaches such as pyrolysis, carbonization, laser ablation, high-voltage arc electricity, and hydrothermal carbonization have been reported for the synthesis of carbonaceous, amorphous, or crystalline materials with diverse shape, size, and morphology [4, [13] [14] [15] .
Carbon-based materials are traditionally produced from non-renewable sources such as coal [6, 16] and petroleum coke [17] . However, increasing demand and sharp decline of nonrenewable resources requires the synthesis of carbon based materials from renewable rawmaterials. Biomass waste (agricultural residues, food waste, municipal solid waste etc.) is an environmental friendly renewable resource for preparation of high valued carbon materials due to its high carbon content (45-55 wt.%) and abundance [18] . Its thermal treatment removes all the carbohydrates resulting in a carbon rich material, known as charcoal [18] . Although biomass waste is high in carbon content [19] , only a small percentage (ca. 20-30%) [20] from human daily activities and agriculture are recycled, composted or combusted at presented while other (ca. 70-80%) is disposed into landfill [20] . It can be considered as a potential precursor to produce carbon based materials with new functionalities and grow a more sustainable materials industry. Recently, carbon materials derived from biowaste have revealed potential applications in hydrogen storage, biomedicine, sorption materials, and so on [21, 22] . However, more work is required for commercialization of biomass derived carbon materials for sufficient performance, activity and effectiveness. 
Since 20
th century, thermochemical conversion of biomass has been a topic of intensive research and several techniques, such as pyrolysis, gasification, liquefaction and hydrothermal carbonization (HTC), have been implemented to convert biomass into different products [23, 24] . Pyrolysis and HTC are the two well-known processes to acquire biochar from biomass [25] . Pyrolysis, which is the thermochemical decomposition of organic matter at elevated temperature (450-650 o C) in inert environment, is considerably flexible in terms of adjusting operating parameters (heating rate, temperature, residence time, etc.) to get desirable products [24] . Fig. 1 shows the schematic representation of pyrolysis process and its product (char)
applications. Slow pyrolysis approach is usually applied for the synthesis of charcoal. The main parameters for slow pyrolysis may fluctuate from 400 °C to 800 °C temperature [26] with heating rate of 1-30 °C/min [27, 28] and a holding time of 1-5 hours [29] [30] [31] . On the other hand fast pyrolysis, usually carried out at a heating rate of ca. >100 °C/min [31, 32] , is primarily conducted for production of liquid product [33] [34] [35] .
HTC, which is the thermochemical degradation of biomass in the presence of water (water/biomass ratio may vary from 5:1 to 75:1) [36] [37] [38] at elevated temperature and pressure, is another promising techniques to convert biomass into novel carbon materials for a wide variety of potential applications [4, 39] . Based on the reaction mechanisms and experimental conditions, HTC can be classified into two major categories [4] . A high temperature HTC process is performed at high temperature (400-800 °C) [40] and pressure to produce activated carbon materials, graphite, and carbon nanotubes [41] [42] [43] [44] [45] . A low temperature HTC process is conducted at low temperature (200-300 °C) and pressure to synthesize numerous carbonaceous materials with varied morphology, size, shape, and surface functionalities [23, 42, [46] [47] [48] . This low temperature HTC process employs several chemical transformations and is environmentally friendly [49] [50] [51] . Based on the HTC route employed, the carbonaceous materials obtained with different size, shape, morphology and properties has been implemented in the field of energy, catalysis, sensors, biology or environment [52] . Moreover, the chemical and physical properties of these carbonaceous materials can be further modified by combining them with other components, such as nanoparticles of noble metals (e.g. Au, Pt etc.) [15, 50] .
Fig. 2. Schematic illustration of the conversion of biowaste into GQDs through various approaches and their energy applications.
During the last several years, there has been a continuous eagerness to further convert carbonaceous materials into zero-dimensional (0D) GQDs [6, [53] [54] [55] and study their phenomenon of quantum confinement and edge effects [7, 56] . Graphene is a single layer of carbon atoms arranged in a hexagonal pattern and is typically in the length of microns [57] . If we keep cutting this micrometric sheet until it reaches to less than 20 nm in size, the resulting product is called quantum dots [58] . Thus, GQDs are disks of graphene in the size range of 1-20 nm. The main difference between the graphene and GQDs is the band gap. Graphene is a zero bandgap material while the GQDs show band gap due to their quantum confinement and edge effects [59, 60] . GQDs are composed mainly of sp 2 hybridized carbon and they are crystalline [60, 61] . GQDs are fluorescent due to their quantum confinement, surface defects and zigzag/armchair edges [60] . The tunable bandgap impart GQDs tunable fluorescence properties. The theoretical predictions and experimental works have indicated that the quantum confinement and edge effects are more pronounced in GQDs than other semiconductor quantum dots (SQDs). Based on this property, GQDs are anticipated to exhibit interesting phenomena which may be difficult to observe in SQDs [59, 62] .
On the other hand, carbon quantum dots -also called carbon dots (C-dots)-are quasispherical carbon nanoparticles consisting of graphite and turbostratic carbon mixture in different ratios and are in the size range of 2-10 nm [63, 64] . They are composed mainly of sp 3 hybridized carbon and are usually amorphous. Their XRD pattern show double character (18.2° and 23.8°) attributed to amorphous and graphitic constituents. C-dots contain larger amount of oxygen with lower content of carbon as compared to GQDs [65, 66] . Due to their high oxygen content these materials are sometimes refereed as carbogenic nanodots [67] . The fluorescence in C-dots is due to the surface defects and functionalization, which explains why they can be quenched in some medium [64] .
To date the difference between GQDs and C-dots is not much clear and sometimes GQDs are considered as a type of C-dots similarly as graphene is a type of carbon. Therefore, we consider them as a family of quantum dots made of carbon. Their quantum confinement effect is still not well understood and is not completely the same as semiconductor quantum dots, such as CdS, CdSe, etc. [62] .
The GQDs are strongly luminescent, biocompatible, dispersible in a number of solvents, and usually nontoxic, demonstrating a great potential for integration onto devices of bioimaging, batteries, supercapacitors, photovoltaics and light emitting diodes ( Fig. 2 ) [7, [68] [69] [70] [71] .
A number of techniques have been developed for the synthesis of GQDs, such as hydrothermal, electrochemical, microwave, electron beam lithography or thermal treatment [62] . However, most of these methods comprise expensive non-renewable raw materials, such as CNTs, graphene, graphene oxide and its derivatives. These graphene-based precursors are very expensive and if prepared from bulk graphite, require a series of processes that could take several days and involve a lot of toxic chemicals. In addition, the strong and well-ordered structure of graphene requires a special high pressure-high temperature equipment and strong acidic treatment for disintegration into small sized GQDs [53] , leading to very low yields and limiting their scalable production. Some other carbon sources such as C60 molecules, glucose, and starch, etc. have also been used along with relatively green approaches such as electrochemical treatment, however, the yield is such a low that real world application is far from realization [53] .
To this end, biomass stand out as a green, natural, inexpensive, sustainable and renewable carbon source for the scalable production of GQDs. Although there is no published literature with respect to total cost of GQDs materials, it is expected that the cost of (waste) biomass derived precursor should be much lower than any other precursor (graphite, carbon fibre, CNTs, citric acid, glucose, etc.) since biomass is abundant and cheap. Different types of biomass, such as various plant leaves, grass, rice husks, coffee grounds, and wood charcoal have been used to produce GQDs with product yield comparable to graphene based expensive precursors [55, [72] [73] [74] [75] . Interestingly, the quantum yield of biomass derived GQDs was found even superior to graphene derivatives [72] . Plant leaves have been reported to produce GQDs without the use of any passivating, reducing, oxidizing agents, or organic solvents, making the green production possible [72] . This is due to various functional groups already present in the structure of biomass, which makes the disintegration easier as compared to dense well-ordered single constituent graphene or CNTs. In addition, it has been demonstrated that pyrolysis treatment of biomass can produce a very interesting and highly porous form of carbon consisting of tiny nanometre scale graphene like entities juxtaposed with each other in a disordered fashion. This form of carbon is known as turbostratic carbon [76] . The thermal treatment of this disordered carbon at a temperature as low as 90 °C can lead to the production of GQDs at large scale [74] , making one step nearer to the inexpensive commercial production.
On the other hand, biomass derived GQDs face the challenge of precise control over particle size and usually give a large particle size of 5-7 nm. Since bandgap is dependent on the size of GQDs due to quantum confinement effect, hence controlling the size is critically important.
Thus, more work is required in terms of controllable production of GQDs from biomass.
Recently, biomass is attracting extensive attention as a potential precursor owning to its low cost, sustainability, high carbon content, and facile conversion into GQDs. However, it faces numerous challenges at the moment which needs to be understood and tackled for the cost-effective commercial production. That is exactly why there is great need for a critical review on the use of biomass as a potential precursor for the scalable production of GQDs.
This review focuses on investigating the possibility of converting the biomass waste into innovative carbonaceous materials, GQDs, and discovering their promising applications in the field of energy conversion and storage, to achieve dual goals of solving the future energy demands and bio-waste recycle problems. The possible routes for converting biowaste into activated carbon (AC) to synthesize GQDs are discussed. Moreover, the performance of GQDs on energy storage (i.e. battery, supercapacitor) and conversion devices (i.e. photovoltaic) is also evaluated.
Synthesis techniques
There are numerous techniques available for the fabrication of GQDs from various precursors, including biomass waste. These techniques can be categorised into two major groups based on the reaction mechanism: bottom-up and top-down (Fig. 3) 
Top-down methods
The 3-dimensional (3D) mass materials or 2-dimensional (2D) sheets consisting of large sp 2 carbon domains can be cracked down in to 0D quantum dots (QDs) via oxidation process or mechanical shearing. In order to achieve these goals different preparation methods have been developed. For the oxidation of large sp 2 carbon domains, electrochemical scissoring, chemical etching, hydrothermal or solvothermal cutting processes have been developed. The key mechanism of oxidation processes can be classified into molecular oxidation (mainly in the case of H2SO4, HNO3, KCLO3, KMnO4) [56, 78] and free radical oxidation approaches (particularly in H2O2 oxidation and electrochemical scissoring) [79] [80] [81] . Recently, several researchers have systematically reviewed [53, 82] the GQDs synthesis via electrochemical scissoring [83] , chemical etching [84] , hydrothermal or solvothermal cutting [85] , ball milling [86] and ultrasonication treatment [87] . Through the systematic studies, it has been noticed that precursor material, filling factor, heating rate, reaction time, and temperature significantly affect the shape, size distribution, morphology and surface chemistry of GQDs [62] . The synthesis of GQDs from biomass-waste via different reaction mechanisms are discussed in the following section. from ref. [7] . Copyright (2012) Royal Society of Chemistry.
Molecular oxidation approach
Molecular oxidation is a versatile approach implemented for the synthesis of GQDs with relatively high yields. Yang et al. reported on the large scale production (>100 g) of carbon based quantum dots with high yield (80%) through molecular oxidation cutting of Chinese ink [78] . GQDs have been efficiently synthesized by the molecular oxidation of turbostratic carbon derived from biomass using strong acids [74] . An interesting carbon material is acquired by the controlled pyrolysis of the biomass at temperature below 1000 °C. At this temperature, graphitization process is incomplete which results in small graphene-like entities combined in irregular style. This type of carbon is recognised as turbostartic carbon. GQDs were synthesized by refluxing the turbostratic carbon mixed with strong acids (H2SO4 & HNO3, 3:1) at 90 °C for several hours (Fig. 4a ) [74] . This method result in the origination of oxygenated groups (OH, COOH, etc.) on basal plans, activating them and making them defective in structure. These activated sp 2 carbon domains eventually break down into smaller pieces after long time exposure at elevated temperature, forming GQDs.
Hydrothermal treatment is another molecular oxidation technique widely implemented for the synthesis of GQDs from various precursors, especially crude biomass [73, 75] . Pan et al.
first introduced facile hydrothermal route for the synthesis of GQDs with blue-luminescence [58] . Biomass derived carbonaceous material consisting of large sp 2 domains are reacted with oxidizing reagents (e.g. HNO3) for introducing epoxy groups on basal planes. Finally the GQDs are obtained by hydrothermal cutting followed by deoxidization in alkaline media (Fig. 4b) . A large scale and controllable synthesis of GQDs from rice husk was reported by Wang et al [73] .
Rice husks were pyrolysed at 700 °C for 2 h and reacted with NaOH under protective environment at 900 °C to produce rice husk carbon (RHC). RHC was then activated with strong acids and subjected to hydrothermal treatment at 200 °C for 10 h to produce GQDs with a yield of 15%. As prepared GQDs exhibit intense photoluminescence and high biocompatibility showing a bright promise for biomedical fields [73] . A novel and acid free hydrothermal approach was recently developed by Wang et al. for the synthesis of GQDs from coffee grounds [75] . Hydrazine hydrate was used as an activating agent instead of strong acids. The coffee grounds were mixed with hydrazine hydrate and water under mild ultrasonication. The hydrothermal treatment of the as prepared mixture at 150-200 °C for 6-10 h resulted in the blue luminescent GQDs. They also prepared PEI-functionalized GQDs with high band-edge luminescence for bio-imaging and sensing applications [75] . A good advancement in the hydrothermal field was made by Roy et al., who synthesized GQDs from plant leaf without the use of any oxidizing, reducing or passivating agents [72] . They prepared graphene oxide sheets by the hydrothermal treatment of Neem leaves extract at 300 °C for 2 h, which were subsequently broken down into GQDs after 8 h of treatment (Fig. 4c) . As obtained GQDs were highly photo-stable and suitable for white light emitting diodes [72] . 
Free radical oxidation approach
Free radical oxidation is a facile, clean and efficient approach for the synthesis of GQDs without any by-products [80, 81] . This approach is different from traditional molecular oxidation approach in reaction mechanism. Molecular oxidizing and acidic intercalation destroys the perfect sp 2 structure of the natural graphite resulting in the introduction of sp 3 carbon and large amount of oxygen containing groups. These sp 3 carbon domains are preferentially oxidized, playing a key role in the morphological trimming of graphene into GQDs. On the other hand, free radical oxidation involves high reaction activities of OH* causing the rapid oxidation and cutting of sp 2 carbon domains into smaller fragments without any destruction [79, 80] . For example, in electro-oxidation process the free radicals (OH*, O*)
produced by the anodic oxidation of water cut the large sp 2 carbon domains of graphene into GQDs without hampering the original sp 2 structure [55] . GQDs have been synthesized by the electrochemical scissoring of different carbon materials such as wood charcoal [55] , carbon nanotubes [89] , reduced graphene oxide (RGO) films [90] , graphite rods [91] , and 3D graphene [83, [89] [90] [91] . The anodic oxidation of water results in the formation of hydroxyl and oxygen free-radicals (OH*, O*) which work as electrochemical scissors to generate GQDs (Fig. 4d ) [88] . This process starts at the edge sites and hastens at the defect sites. For accelerating this cleavage process, defects maybe introduced into the lattice by doping. Heteroatoms or functional groups can be introduced to GQDs depending on the electrolyte used [83, 92, 93] .
This electrochemical approach is quite simple and generally of high yield. [93] Recently, Nirala et al. reported on the one step electrochemical route for the synthesis of GQDs from wood charcoal, a kind of biomass [55] . Electrochemical oxidation of charcoal was performed by using it as a working electrode in ammonium persulfate electrolyte at 5 V potential. Anodic oxidation of water generated *O2 and *OH free radicals. These free radicals act as "scissors"
to cut the graphene sheets of charcoal into very small particles, called E-GQDs [55] . This study brought one step closer toward the facile and green synthesis of GQDs from biomass precursor. Table 1 lists the various biomass resources for GQDs synthesis via different techniques.
Bottom-up methods
The bottom-up processes consist of synthesizing GQDs through chemical assembling of the small organic building blocks. The main reaction mechanism involved in these methods is the intermolecular coupling or carbonation process.
Intermolecular coupling
These methods are beneficial for the synthesis of GQDs with controlled size and shape.
GQDs have been synthesized with high precision through step-by-step organic synthesis, although low-output and strong pi-pi interaction causing aggregation was difficult to prevent [89, 94] . GQDs can be prepared through hydrothermal carbonization reaction of the small organic frameworks [95] . Heating the small organic molecules above their melting point leads to condensation, nucleation, and subsequently the formation of larger C-Dots or GQDs.
Numerous precursors have been utilised in this technique, such as organic salts [96, 97] , coffee grounds [75, 98] , citric acid [99, 100] , ascorbic acid [101] , glycerol [102] , etc.
The bottom-up approach is highly valuable for preparing GQDs with tuneable size through biomass precursors. Kalita et al. reported on the controlled growth of GQDs from rice grains [103] . Rice grains were heated in cooking pan for different time spans to synthesise GQDs with size of 2 nm to 6.5 nm. When rice powder is heated, the thermal degradation of starch leads to the formation of glucose oligomers. These oligomers start to nucleate at high temperature (200 °C), which subsequently grow by pyrolization to form a GQD (Fig. 5a ). The growth is controlled by the heat treatment time, leading to the tunable size distribution of GQDs. Similarly, honey is used as a carbohydrates precursor to synthesize GQDs with tuneable size via emulsion-templated method ( Fig. 5b ) [104] . Aqueous solution of honey was emulsified in 1-butanol and heated at 80 °C under vigorous stirring for 1 h. As a result, the GQDs with a size of 2.4 nm were produced and found promising application in stable security ink and white light emission applications [104] . Interestingly, in these bottom-up processes, doping effects of heteroatoms can be conveniently achieved from precursor materials. Nitrogen doped GQDs, for example, have been produced by hydrothermal techniques using citric acid as a source of carbon and ethanol amine, diethylene amine, ethylene diamine or urea as a source of nitrogen [105] . The concentration of nitrogen doping and luminescence yield principally depends on nitrogen precursor selected [93, 105] . Similarly, Sulfur doped monodispersed GQDs have been synthesized through hydrothermal treatment of fructose using sulfuric acid as sulphur source [106] . 
Reaction mechanism
As discussed in previous section, most of the reports on biomass derived GQDs focused on controlling the properties via different techniques. However, the detailed reaction mechanism is not well understood. In order to develop a strong structure-property-application relationship, in depth understanding of the reaction mechanism is mandatory. It was reported initially that heating the small organic molecules above their melting point leads to condensation, nucleation, and subsequently the formation of larger C-Dots or GQDs. Subsequently, many researchers suggested that the bottom-up approach involve two major reactions, dehydrogenation and carbonization. The dehydrogenation and carbonization of small molecules under hydrothermal or solvothermal conditions produce GQDs. However, there are still some challenges associated with this reaction mechanism. The complex dehydrogenation and carbonization process results in the introduction of heteroatoms on the surface or edges rather than lattice doping.
Recently, Dr Yang's group reported on the detailed mechanism for the synthesis of sulfur (S)
doped GQDs from biomass (durian) [107] . They elaborated the source of C and S, its doping in the lattice structure and controlling the doping concentrations in a systematic way. Low molecular weight saccharides and mercaptans constituents of durian are suggested to be the main source of sp 2 carbon network and S doping, respectively, in the preparation of S-GQDs. Elsewhere [108] , they demonstrated that general mechanism proceeds by the abstraction of H from C-H, N-H, S-H, etc. bonds, resulting in generation of respective H, C, N, and S atoms with dangling bonds. Subsequently, the formation of C-C, C-N/C-S bonds take place between the growing monomers, followed by release of hydrogen. These monomers then combine to form sp 2 network of carbon with N or S doping in the lattice structure [108] . The high resolution XPS analysis of S 2p spectrum showed two peaks (~163.9 eV, ~165.1 eV) corresponding to thiophene structure (Fig. 6a) , suggesting the S doping to be mainly in the form of thiophene inside the lattice. The mechanism of S doping was proposed to be substitutional as shown schematically in Fig. 6b . The doping concentration was controlled systematically with heating time and temperature. The doping concentration decreases linearly with increasing reaction time or temperature due to the removal effect of heteroatom in the sp 2 carbon structure under high temperature or long reaction times [107] . Further demonstrations indicated that PL behaviour and quantum yield changes significantly with doping concentrations. PL emission of S-GQDs was suggested to continuously shift from blue to red with increasing the doping concentration. PL shift is attributed to the change in total amount of oxygen containing functional groups due to lattice replacement of S atoms in sp 2 C network [108] . Variation in quantum yield is induced by n-π* transition which is the key factor for high quantum yield [93] . 
Up-Down joint approach
Recently a new approach was developed by combining the both top-down and bottom-up techniques, making the large scale synthesis of GQDs possible from various precursors including biomass waste [73] . This approach first converts the biomass waste into large area sp 2 carbon flakes through a "bottom-up" method and then hydrothermally cut carbon flakes into small pieces of sp 2 carbon domains by a "top-down" method ( Fig. 5c ) [73] . The whole process is simple, easy and scalable for mass production, leading to a high yield of GQDs [73] .
Interestingly, GQDs with varying properties for intriguing potential applications can be obtained using this approach. For example, when the rice husk derived GQDs (RH-GQDs) dispersion is irradiated with 365 nm ultraviolet lamp, an intense blue light is emitted, indicating its possible application in bio-imaging and photonics [73] .
Modification approaches
Numerous methodologies have been investigated for acquiring the defined and desired properties of GQDs, including synthetic and post-synthetic approaches. These strategies can be broadly divided into three major categories: (1) size and shape control, (2) surface modification, and (3) heteroatom doping.
Size and shape control
It is well understood [109, 110] that photoluminescence (PL) of GQDs is mainly dependent on its size due to quantum confinement and somehow on its shape due to edge effects. A good control over the shape and size of GQDs might be achieved through step-wise organic synthesis [111] . For example, well defined GQDs have been synthesized by ruthenium-catalysed cageopening of C60 molecules [112] . Moreover, Kalita et al. systematically synthesised a range of GQDs from biomass (rice grains) with a precise control over the size. The controlled growth of GQDs with size of 2 to 6.5 nm was achieved by tuning the heating time from 3 to 10 min.
The thermal degradation of starch present in rice grains generate glucose oligomers which polymerize to form GQDs. Increase in the polymerization times leads to the increase in the size of GQDs. The quantum yield of GQDs increase from 16 to 24% with decrease in size from 6.5 to 2 nm.
The morphology GQDs can be varied from hexagonal, parallelogram, triangular, and trapezoid to mushroom shaped by alteration in the annealing temperature and carbon clusters' density [53] . SK et al. reported on the variation in PL emission with change in the size of pristine zig-zag edged GQDs (Fig. 7a ) [109] . The fluorescence of as prepared GQDs changes from UV (bandgap 6.81 eV) to infrared (bandgap 1.64 eV) by tuning the size from 0.46 to 2.31 nm due to bandgap shrinkage induced by π-electron delocalization. PL emission is dictated by the isolated small sp 2 domains of heterogeneously hybridised and large sized GQDs [53, 109] .
Surface modification
Besides the prominent shape-and size-dependence, PL properties of GQDs can also be modified by surface engineering, including surface oxidation [113] , polymer passivation, and chemical moieties attachment [114] . Introduction of the oxygenated functional groups on GQDs make them hydrophilic leading to the ease of further chemical functionalization. On the other hand, PL efficiency is affected due to the surface emissive traps induced by these groups.
Therefore, a precise control over the degree of oxidation is necessary for the defined and desired properties. It is reported that quantum yield can be enhanced by the reduction of oxygenated GQDs, whereas the emission is red shifted by oxidation of GQDs (Fig. 7b ) [109, [115] [116] [117] . For example, reduction of GQDs with NaBH4 blue-shifted the PL emission and increased the quantum yield by two times [118] . An attractive strategy to enhance the quantum yield of GQDs is the polymer passivation of surface emissive traps. Various polymers have been reported for surface passivation, most common of which is polyethylene glycol (PEG) [119] [120] [121] . With a thin layer of PEG, quantum yield of GQDs was doubled [120] . However, surface passivation imposes limitations on the applications due to the complicated process and increased particle size of passivated GQDs. Furthermore, a number of chemical groups, such as thiol [31] , diamine [93] , alkylamine [116] , hydrazide [122] , etc., have been attached onto the GQDs. These electron donating groups prevent the non-radiative recombination and usually cause wavelength shift thereby enhancing the quantum yield [116] . For example, green oxygenated GQDs turned blue when carboxyl group was replaced with alkylamine [116] .
Tetsuka et al. demonstrated that precise control over the degree of amine functionalization could widely tune the emission wavelength of GQDs (blue to yellow) [123] .
Similarly, the properties of biomass-waste derived GQDs have also been modified by surface engineering, especially by addition of various functional groups and passivating agents.
Similar to Zhu et al. modification approach, Suryawanshi et al. modified the Neem leaves
derived GQDs by amine (-NH2) functionalization to enhance the PL properties [74] . The green luminescence of unmodified GQDs changed to blue after amine functionalization. This PL shift is attributed to the decrease in agglomeration and changes in the oxygenated functional groups into -CONH2 and -C-NH2 surface groups, which suppress the non-radiative recombination path, resulting in the improvement of PL intensity and quantum yield by a factor of two. Kalita et al. modified the GQDs with amine functionalization in a similar manner to enhance the quantum yield of rice grains derived GQDs [103] . The quantum yield was improved 125% after amine functionalization due to superior electron donating ability of amine groups.
Wang et al. functionalized the coffee ground derived GQDs with poly(ethylene imine) (PEI) to obtain the excitation independent emission [75] . The blue fluorescence of as prepared GQDs changed to strong cyan fluorescence and quantum yield enhanced three folds after PEI functionalization. The excitation independent emission behaviour of PEI functionalized GQDs implies that size and surface states of sp 2 clusters contained in the GQDs should be more confined.
Heteroatom doping
Recently, heteroatom doping (most often nitrogen doping) has emerged as a promising technique to fine tune the physicochemical properties (PL, quantum yield, etc.) of GQDs [124] .
Heteroatom can be added through the precursor materials during synthesis or via post synthesis techniques. Heteroatom doping via precursor material has become a popular technique in the synthesis of biomass derived GQDs [107, 124] . It has been repeatedly reported that nitrogen-doping improves the quantum yield and blue shifts the PL emission (higher the N-doping, shorter the emission wavelength) of GQDs due to the high electronegativity and electron withdrawing properties of nitrogen atoms [92, 109, 125, 126] . Some researchers proposed that N-doping can also offer up-conversion PL properties to GQD [119] . The catalytic properties and PL characteristics of GQDs have also been configured by doping with various other elements such as S [106] , P [127] , Si [128] , and B [129] . For example, quantum yield of GQDs as high as 71% have been acquired by S and N co-doping [130] . 
Applications of biomass derived GQDs
Graphene as a noble material, has triggered a gold rush to exploit its potential for energy storage/conversion applications [14, [131] [132] [133] [134] . The main factor behind the attraction and significance of graphene in energy devices is its large specific surface area and high electrical conductivity [135] . Nevertheless, graphene as an electrode material faces a considerably reduced surface area owing to the irreversible agglomeration or restacking of graphene sheets by the strong π-π bonding and van der Waals interactions between them, consequently limiting its practical applications [135, 136] . In addition to graphene, RGO has also been utilized in energy devices but its reduced electrical conductivity due to its defective nature limits its commercial applications [132, 137] . To this end, GQDs stand out as a new material combining the exceptional properties of both graphene and quantum dots [68] . As a result of the intriguing properties, such as good electrical conductivity, enlarged surface area, high solubility in many solvents, strong luminescence, high mobility, decreased chemical impedance, and tunable bandgap [56, 68, 90, 95, 130] , GQDs exhibit an edge over other graphene based materials and have indicated a bright promise in fluorescence sensors [74, [138] [139] [140] , photovoltaic devices [90, 141] , light-emitting diodes [142, 143] , solar cells [144, 145] , fuel cells [92, 146] , batteries [147, 148] , and supercapacitors. [149, 150] . Herein, the numerous applications of biomass derived GQDs are presented.
PL sensors
In the context of strong luminescence properties, GQDs have been used to detect different analytes [74, 139, 140] . Wang et al. [138] reported on the GQD based PL sensor for the first time and demonstrated that the luminescence of GQDs can be quenched selectively by Fe 3+ ion through charge transfer mechanism. Chi et al. developed a selective, sensitive and relatively green PL sensor for detection of chlorine in water [139] . This advancement indicates that not only the cations but anions can also be detected selectively by GQDs based sensors. Inspired by these studies, biomass derived GQDs have also been investigated for detection of heavy metal ions in water based on their strong fluorescence properties [74, 75] . 
Fig. 8. (a) Difference among the PL intensity of PEI functionalized GQDs without (blank) and with the addition of different metal ions, and variation in the PL intensity with change in the concentration of Fe3+ and Cu2+ ions. Reprinted with permission from ref. [75]. Copyright 2016 Elsevier. (b) Difference in the PL intensity of GQDs between blank and heavy metal ions (Ag

Fig. 9. Schematic of the suggested mechanism for detection of Ag+ ions by Am-GQDs' PL ON-OFF-ON states induced through the addition of AgNO3 and L-cysteine. Reprinted with permission from ref. [74]. Copyright (2014) Royal Society of Chemistry.
Although the fluorescence of Am-GQDs was quenched by the different metal ions but this system was modified for the selective detection of Ag+ ions. This was accomplished by the use of an amino acid "L-cysteine" which has strong affinity towards Ag+ ions. By the addition of L-cysteine into the Am-GQDs-Ag + system, the quenched fluorescence was regenerated due to removal of Ag + ion from Am-GQDs and attachment with -SH group of L-cysteine (Fig. 9) .
Mechanism for such a selective detection was illustrated by the Pearson's hard-soft acid base (HSAB) theory.
Light-emitting diodes
In contrast to the significant studies on GQDs based LEDs [63, 151] , there has been a few reports demonstrating the biomass derived GQDs usage in LEDs. It was first reported that
LEDs employing GQDs as dopant exhibit white electroluminescence having an external quantum efficiency of 0.1% [152] . Later on, Roy et al. reported on the development of white light emitting diode based on the Neem leaves derived GQDs [72] . As prepared GQDs emit green luminescence with high quantum yield of 41.2%. The white light emitting material was developed by mixing the green light emitting GQDs with blue light emitting quinine sulphate and red light emitting chlorophyll solutions in PMMA at an optimized ratio. The resultant mixed solution was coated onto a laboratory-made PET cap which was fitted onto a near UV LED and excited to emit white light (Fig. 10a, b) .
Fig. 10. PL spectra of GQDs, QS and CPY solution coated on PET cap (inset is the photograph of the solution illuminated by near UV LED, showing white light emission), (b) corresponding color coordinate, CIE spectrum after excitation with near-UV LED light. Reprinted with permission from ref. [72]. Copyright (2014) Centre National de la Recherche Scientifique and Royal Society of Chemistry. (c) GQDs, RhB, and the mixture showing white light emission, (d) color coordinate for the mixture of GQDs-RhB solution showing white light emission. Reprinted with permission from ref. [104]. Copyright (2016) Wiley Publishing Group.
Similarly, Mahesh et al. prepared a GQDs from Honey for white light emission [104] . When these purely green light emitting GQDs were mixed with Rhodamine B having an orange red fluorescence, the resulting solution showed white light emission upon excitation at 340 nm (Fig. 10c,) . The CIE 1931 chromaticity coordinates for GQDs after mixing suggested the emission of highly pure white light (Fig. 10d) . Thus, these GQDs can be used for producing white light emitting diodes and other devices.
Biomedical applications
Biomass derived GQDs have been widely investigated for biomedical applications, especially bioimaging. Among a number of different types, the GQDs derived from natural food precursor such as rice grains [103] , rice husks [73] , coffee beans [75] and so on, are suggested to be the promising candidate for biomedical applications. Wang et al. reported on the biomedical applications of GQDs derived from rice husk biomass [73] . Rice husks (RH)
were reported to be an abundant source for the controllable preparation of high quality RHGQDs suitable for bioimaging of Hela cells. The biocompatibility of the RH-GQDs was investigated by analysing the toxicity and cell viability of Hela cells after treatment with various concentrations of RH-RH-GQDs. At low concentrations of RH-GQDs (20-50 µg/ml) almost no toxicity even after 48 h and over 90% cell viability was observed up to 100 µg/ml concentration ( Fig. 11a) . No obvious damage to the cell morphology was observed which indicate the high biocompatibility of RH-GQDs for bioimaging applications. Furthermore, in vitro bioimaging of Hela cells with RH-GQDs (50 µg/ml) was investigated and the cells combined with the RH-GQDs showed blue fluorescence with cell morphology and cytoplasm clearly presented (Fig. 11b) . The luminescence of Hela cells in the presence of RH-GQDs is quite stable showing the feasibility of this biomedical system.
Fig. 11. (a)Viability of Hela cells incubated with different concentrations of RH-GQDs after a period of 24 and 48 h, (b) imaging of the Hela cells combined with 50 µg/mL of RH-GQDs at 335 nm with a confocal microscope. Reprinted with permission from ref. [73]. Copyright (2016) American Chemical Society. (c) Confocal microscope image at 405 nm excitation of Hela cells using PEI-GQDs, (d) cytotoxicity assessment of PEI-GQDs at different doses for incubation period of 24 and 48 h using Hela cells.
Reprinted with permission from ref. [75] . Copyright 2016 Elsevier.
Wu et al. developed a fluorescent probe for bioimaging of the Hela cells based on the
GQDs derived from coffee grounds [75] . Hela cells were cultured in 40 mg/L dose of GQDs and images were taken at 405 nm using a confocal microscope (Fig. 11c) GQDs up to 1mg/ml. Very low cytotoxicity and high cell viability confirmed the biocompatibility of these GQDs for biomedical applications. 1, 3, 5, 7, and 9 (scale bar: 20 µm) . Reprinted with permission from ref. [107] . Copyright (2018) American Chemical Society.
Fig. 12. (a) PL spectra of S-GQDs with varying concentration of heteroatom doping, and (b) respective imaging of fibroblast cells incubated with S-GQD series
Very recently, Ding et al. reported on the bioimaging of fibroblast cells with sulfur doped
GQDs synthesised by the hydrothermal treatment of durian [107] . Different GQDs with varying amount of S doping indicate different color in bioimaging of the fibroblast cells,
showing their high bioimaging capability (Fig. 12 ).
Energy applications of GQDs in general
In addition to biomass, numerous different types of precursors (such as graphene, carbon fibre, CNTs, etc.) have been used to prepare GQDs aiming at different applications. GQDs derived from biomass have the properties similar to the ones derived from graphene based precursors, as verified in the synthesis section. Thus, regardless of the precursor being used, GQDs with various tunable properties have been implemented in energy application. Owning to their extraordinary properties, such as large surface area, good electrical conductivity, tunable luminescence, decreased chemical impedance, and tunable bandgap [56, 68, 90, 95, 130] , GQDs have shown great promise in energy applications, such as photovoltaic devices [90, 141] , batteries [147, 148] , and supercapacitors [149, 150] , as discussed below.
Supercapacitors
A number of two dimensional (2D) materials, such as graphene, graphitic carbon nitride, phosphorene, hexagonal boron nitride (h-BN), and transition metal dichalcogenide, have been extensively utilized in supercapacitors [124, [153] [154] [155] [156] [157] [158] . In many cases, the quantum dot derivatives of these 2D materials exhibit superior performance due to their large specific surface area, abundant electrochemically active sites, ability to be easily integrated with various nanomaterials and low toxicity [62] .
Liu et al. [150] synthesized a GQD-based symmetric micro-supercapacitor by electrophoretic deposition of GQDs on the interdigital Au finger microelectrode and acquired fast power response, high rate performance, and long cycling life (97.8% stability after 5000 cycles) (Fig. 13a) . They obtained a high specific capacitance of 534.7 µF cm -2 at a current density of 15 µA cm -2 with a power density of 7.5 µW cm -2 and an energy density of 0.074 µW h cm -2 . These outstanding properties of micro-supercapacitor are credited to the role of GQDs. Particularly, the exceptionally small corresponding relaxation time constant (τ0=103.6 µs) of the GQD//GQD symmetric micro-supercapacitor indicates its extraordinary power response. With changing the aqueous electrolyte (Na2SO4) to an ionic liquid electrolyte (EMIMBF4/AN), the corresponding relaxation time constant was further declined to τ0=53.8 µs and as a result a seven times higher power and energy density was obtained. The potential window was further increased two times by fabricating one electrode (negative) coated with GQDs and the other (positive) modified with highly pseudo-capacitive nanomaterials, such as MnO2 or polyaniline (PANI) [150] .
Fig. 13. (a) The preparation of a symmetric micro-supercapacitor by depositing GQDs on an interdigital Au finger microelectrode, (b) specific capacitance retention after 5000 cycles. Reprinted with permission from ref. [150]. Copyright (2013) Wiley Publishing Group.
The unique structure of these pseudo-capacitive materials helps accelerate the transport of electrolyte ions and provide abundant surface for the reactions involving charge transfer. The enhancement of specific capacitance and energy density in this asymmetric supercapacitor is based on the synergistic effects between negative and positive electrodes. Hu et al. [159] fabricated GQD/CNT hybrid film demonstrating a capacitance (44 mF cm -2 ) two times higher than the bare CNT film. Wearable, flexible [166] Chen et al. [161] reported on additive free monolithic electrode based on 3D graphene/GQD composite. Astonishingly, the conductivity of 3D graphene structure was increased 10 times by the introduction of GQDs with a specific capacitance of 268 F g
demonstrating a progress of 490% over undecorated 3D graphene. Mondal et al. reported on the high performance supercapacitor based on GQD modified PANI nanofibers via chemically oxidizing aniline in the environment of GQDs [162] . Fig. 14a represents the preparation scheme of GQD/PANI composite. They achieved a large specific surface area, high aspect ratio, and a specific capacitance of 1044 F g -1 at a current density of 1A g -1 (Fig. 14b) . They observed a great retention rate of 80.1% after 3000 cycles (Fig. 14c) . Further enhancement in the specific surface area of GQDs can be achieved via KOH activation. Ultrafine pores and zig zag edges are introduced on GQDs by activation, resulting in a dramatic improvement (200%) in specific capacitance (236 F g -1 ), a value much higher than that of graphene (172 F g -1 )
activated under similar conditions [167] . Recently, Mohammad et al. prepared GQDs grafted carbon fibre for high performance supercapacitors and observed a 5.5% enhanced capacitance than that of bare carbon fibre. They demonstrated a high specific capacitance with retention rate of 97% after 5000 cycles [149] . Table 2 shows the comparison of the performance of supercapacitors based on GQDs and other graphene based materials. It is clearly observed that GQDs exhibit best performance (capacitance: 1044 F g -1 at 1A g -1 [162] and 97.8% stability after 5000 cycles [149, 150] ) among all graphene based materials. The plentiful ion-interacting edges, large specific surface area, plentiful accessible edges, defects, functional groups and chemical moiety sites associated with GQDs are responsible for their better capacitive performance.
Batteries
GQDs were first time utilized in Li-ion batteries (LiBs) by Fan and co-workers [147] . Fan et al. reported on the cathode material for LiBs by synthesizing a GQD-coated VO2-nanobelt arrays on 3-D graphene foam (Fig. 15a-c) [147] . A high specific capacitance of 421 mA h g -1 , 99% coulombic efficiency, and high rate performance were obtained at a current density of 1/3 C (1 C = 300 mA g -1 ), outperforming VO2-nanobelt arrays without GQDs coating (Fig.   15d ). Contrary to the poor stability of other VO2 based electrodes, the GQDs-anchored VO2 electrode show tremendous enhancement in its stability (a retention of 94% capacity after 1500 cycles) [147] . This electrode also show good performance in the case of sodium ion batteries as a cathode material (a retention of 88% capacitance after 1500 cycles, and capacitance of 306 mA h g -1 at 1/3 C). At a high charge-discharge rate of 120 C, the electrode acquires a power density of 42 kW kg -1 with a good energy density of 4100 Wh kg -1 (Fig. 15e) .
Fig. 15. Preparation of GQD-coated VO 2 nanobelt array supported on 3D graphene (GVG). (b, c) SEM and HRTEM images of the hybrid structure. (d) Rate performance of the as fabricated electrode with (GVG) and without (GV) GQD coating, inset in (d) is AC impedance plots. (e) Ragone plot of GVG electrode for Na and Li ion batteries. Reprinted with permission from
ref. [147] . Copyright (2015) American Chemical Society.
In another study, the same group synthesized an anode material for LiBs by assembling CuO + Cu + GQDs triaxial nanowire arrays [168] . The schematic illustration of electrode fabrication is presented in Fig. 16a . Coating of GQDs outer layer results in the mossy surface of CCG nanowires (Fig. 16b ) which indicates their enlarged surface area and enhanced connection sites for electrochemical reactions. Meanwhile, annealing of CuO nanowire in Ar + H2 converts its thin surface into a Cu metal and a smooth surfaced CuO + Cu coaxial nanowire is obtained (Fig. 16c) . Such a brilliant adjustment of GQDs in CuO nanowire array offers enhanced surface conductivity, improved stability and a high columbic efficiency (87%) (Fig.   16d ). As fabricated electrode demonstrates a high specific capacity of 780 mA h g -1 at 1/3 C and 330 mA h g -1 at 4 C, outperforming CuO + Cu electrode without GQDs (Fig. 16d) [168] .
In both studies, improved performance of GQDs was based on several factors. First, the GQDs layer prevents the formation of a solid electrolyte interface film, which results in an enlarged Coulombic efficiency. Second, the conductivity and charge collection efficiency of the electrode is enhanced by ordered covering of GQDs over the surface of active materials, leading to a high rate performance. Third, a rough electrode surface conferred by the GQDs results in a large surface area leading to an improved metal ion storage. Lastly, GQDs act as a stabilizer to protect the electrode active materials from dissolution and/or agglomeration, leading to an improved cycling life of the electrode. 
composite. The sulfur (yellow ball) was wrapped with carbon-black (S/CB) and compactly covered with GQDs and CB (GQD-S/CB). (g) Schematic arrangement of sulphur/carbon-black (S/CB) and (h) GQDs-S/CB utilized as a cathode in Li-S batteries.
Adopted with permission from ref. [148] . Copyright (2016) Nature Publishing Group.
GQDs have also been employed in lithium-sulphur [148] , Lithium-silicon [169] , lithiumtitanate [170] , and metal-air batteries [171] . Park et al. reported on the introduction of GQDs into the sulphur cathode of lithium-sulphur (Li-S) batteries and demonstrated an enhanced sulphur-sulphide utilization, yielding high performance [148] . High structural integrity of sulphur-carbon composite electrode is induced by the oxygen rich functional groups of GQDs. GQDs-S/CB showed extraordinary cyclic performance of 950 mA h g -1 even when electrode with high sulphur loading was prepared. These cyclic performance values are much higher than that of reported values for other sulphur/carbon composites [148] . Binder free, flexible, additive free [174] GQDs have been utilized in lithium-silicon batteries for the passivation of silicon, which is very promising anode material for LIBs but faces a challenge of large volume variation and rapid capacity loss during charging-discharging process. Lijuan et al. coated a layer of phenylalanine-functionalized GQDs on the silicon nanoparticles to improve the electrical conductivity and prevent direct contact of electrolyte with silicon [169] . As a result, they acquired a stable and high capacitance of 3796 mA h g -1 at 100 mA g -1 with 76% retention (3068 mA h g -1 ) after 100 cycles [169] . The incorporation of N and S co-doped GQDs onto the titanate anode of lithium-titanate batteries could enhance the power density and rate performance due to enhanced electron transfer and lithium storage capacity [170] . LIBs based on GQDs show superior capacitive performance (4066 mA h g -1 ) [169] over other graphene based materials (up to 770 mA h g -1 ) [173] (Table 3 ).
Photovoltaics
Owning to the extraordinary electronic/optical properties, GQDs may be implemented in various components of photovoltaics, such as sensitizers, activators, active layers, catalysts for the counter electrode. Gao et al. used GQDs as active layer to fabricate Si/GQD heterojunction solar cell [175] . The GQDs active layer suppresses charge recombination and indorses electronhole separation (Fig. 17a) . The photo conversion efficiency (PCE) of 6.6% was displayed by the cell, much higher than that of undecorated Si based cell (2.26%) or the one with GO sheets acting as active layers (3.99%). Dutta et al. synthesized GQD/ZnO nanowire heterojunction solar cell which showed the current density (Jsc) of 75 times higher than that of bare ZnO nanowire based cell [176] . However, a low PCE was obtained due to the limited GQDs connections with the hole-transport layer (HTL) causing a low hole-collection efficiency.
Using hot injection approach, Tavakoli and co-workers synthesized PbS QD/GQD core/shell hybrids ( Fig. 17b ) [177] . In contrast with commonly utilized capping molecules, the ultrathin layer of GQDs makes incomplete surface passivation of PbS QDs, declines the number of trap states and enhances faster extraction of charge carriers. An improved current density ( of Cl-doped GQDs to the P3HT active layer (Fig. 17c ) [178] . Adopted and modified with permission from ref. [175] . Copyright (2014) Gupta and co-workers developed a solar cell using aniline functionalized GQDs as a filler of P3HT and the cell configuration consist of ITO/PEDOT:PSS/P3HT:ANI-GQDs/LiF/Al [180] . The device demonstrated a superior PCE (1.14%) than the control device with an active layer of P3HT:ANI-graphene sheet (PCE: 0.65%). The rough structure of P3HT:ANIgraphene film due to large sized graphene sheets induces extra phase separation surpassing the diffusion length of excitons, resulting in a poorer performance [181] . Kim et al. developed a BHJ solar device based on PTB7:PC71BM active layer containing GQDs with various number of oxygenated groups [181] . The oxygen functional groups on the surface of GQDs were found to improve the optical absorptivity of device leading to a significantly enhanced Jsc, while the superior conductivity of less-oxidized GQDs resulting in competent charge carrier extraction can improve the fill factors (FFs). The balance between these two features gives a highest PCE of 7.6%. Elsewhere, they reported that with the addition of hydrophilic GQDs onto the PEDOT:PSS hole transporting layer, the Jsc of the BHJ solar cell can be enhanced from 15.6 mA cm -2 to 17.3 mA cm -2 . This improvement can be assigned to the enhanced conductance of charge carriers in the ITO/PEDOT:PSS due to the strong interaction between GQDs having a negative charge and PEDOT with a positive charge [141] . In order to understand the synergistic effects, hydrophilic GQDs were introduced into PEDOT:PSS HTL layer and hydrothermally reduced hydrophobic rGQDs were incorporated into PTB7:PC71BMBHJ layer (Fig. 17d) In a recent study ultrathin layer of GQDs was introduced to a perovskite solar device with a structure of CH3NH3PbI3/GQDs/TiO2, and an improvement in PCE from 8.81 to 10.15% and Jsc from 17.07 to 15.34 mA cm -2 was obtained (Fig. 17e ) [179] . This enhanced performance is attributed to the faster electron extraction, which guarantees improved photon-to-current conversion in visible region, and 75% PL quenching of the perovskite-TiO2 film. [192] Phosphorene is desirable for photoelectronic applications because of its bipolar characteristics, high hole mobility and narrow bandgap (0.3 to 1.5 eV based on the number of layers) [193] . Deng et al. prepared a heterojunction between n-type monolayer MoS2 and ptype few layer phosphorene, fabricating a p-n diode for photovoltaic energy conversion with PCE of 0.3% [194] . The theoretical predictions indicate that PCE of a p-n diode can be increased to 18% by reducing the thickness of phosphorene to only two layers [193] . Based on the bipolar characteristic of few layer phosphorene, Buscema et al. utilized single phosphorene sheet to fabricate a p-n heterojunction with 2 regions differently biased by 2 h-BN dielectric gates [195] . As a result, the photovoltaic effect can be extended to near-IR region.
The electrical band gap between graphene and TMDs is filled by phosphorene. Thus the application gap between GQDs and TMD-QDs shall be filled by phosphorene QDs. A large number of photovoltaic devices based on GQDs have been synthesized which outperform other graphene based materials (Table 4 ).
Challenges and perspectives
Biomass is a sustainable and rich source of carbon production. For the proficient utilization of carbon resources, it is necessary to understand the carbon chemistry and factors influencing its properties. This review highlighted the novel research on biomass derived GQDs and their potential application in various fields. GQDs derived from biomass waste are emergent zero dimensional materials which cover an extensive range of intriguing properties (e.g. chemical, electrochemical, optical, catalytic, electronic, etc.). Owning to the lower dimension of GQDs, they often achieve surplus advantages over their 2D counter parts. First, the properties of GQDs are tunable with more sensitivity by size, thickness, chemical functionalities, edge configuration, thickness, defects, or heteroatom dopants. This could help rise of novel properties for unique applications. Second, minute perturbation or interactions have significant effect on their properties. This is demanding for the development of high sensitivity sensors.
In addition, these GQDs are often easier to functionalize with other nanomaterials to acquire composite properties. Moreover, due to better solubility they have better responsiveness for solution based processes. Finally, tiny size is the key benefit for bio-imaging purpose of GQDs because these are used as fluorescent tags on molecular targets and the function and dynamics of targets may be changed if large tags are used.
Accompanied with a vast range of excellent properties, GQDs thus show high promise for extensive series of novel applications. Although only a few applications of biomass derived GQDs and energy applications of GQDs in general are focused in this article, GQDs are also highly promising for catalysis, drug delivery, bioimaging, photodynamic therapy, optical sensing, electrochemical sensors, optoelectronics, display, etc. [7, 83, 89, [196] [197] [198] [199] [200] [201] [202] [203] [204] [205] [206] [207] [208] . Recently, Zheng et al. comprehensively reviewed the biological applications of GQDs [53] . Particularly to be revealed, owning to the numerous key features (e.g. biocompatibility, photostability, nontoxicity, etc.) GQDs are superior to widely used conventional semiconductor QDs and organic fluorophores for various biological applications, such as bioimaging [53, 69, 70] . Using insulin-functionalized GQDs, for example, Zheng et al. visualized the distribution and dynamics of insulin receptors in live adipocytes [209] .
In spite of the emerging recent progress, research on biomass derived GQDs is still on its early phase and many challenges need to be tackled. Although biomass could be a cheap and renewable resource but the total cost of production might be higher as compared to other precursors such as graphite, coal, carbon fibres, etc. Due to high sensitivity of GQDs towards size, thickness, edge engineering, heteroatom doping and chemical functionalization, developing advanced preparation methods are highly desired for the precise control over these parameters. Precursor employed has a significant effect on the final properties and engineering control of GQDs. Thus, controlling the properties of biomass derived GQDs are comparatively difficult due to inherent nature of the feedstock. Therefore, advanced synthesis approaches are highly demanded for getting a precise control over property-application relationship.
Nonetheless, often this aim has to be well-adjusted by the demands for low cost and large scale productions. On this path, several researchers tried to develop large scale production of GQDs from biomass, however, still the actual amount is in grams if not in milligrams [73, 74] . Since biomass is a renewable and abundant available source, scalable and cheap synthesis approach using biomass precursor will find high promise for commercialization. 
